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Introduction. Thermal l i t hosphe r i c  thicknesses  provide fundamental 
c o n s t r a i n t s  on p l ane t a ry  thermal  h i s t o r i e s  t h a t  complement t h e  c o n s t r a i n t s  
provided by da teab le  s u r f a c e  deposi ts  of  endogenic o r ig in .  Li thospheric  
c o n s t r a i n t s  a r e  of  p a r t i c u l a r  va lue  on t h e  i c y  s a t e l l i t e s  where o u r  
understanding of  both rheology and s u r f a c e  ages is considerably poorer t han  it 
is f o r  t h e  t e r r e s t r i a l  planets .  Certain ex tens iona l  t ec ton ic  f e a t u r e s  can and 
have been used t o  estimate l i t hosphe r i c  thicknesses  on Ganymede and Ca l l i s t o  
1 . 2 .  These estimates. however, r e f e r  to t h e  depth of t h e  e l a s t i c  l i thosphere  
defined by t h e  zone of  b r i t t l e  f a i l u r e .  The r e l a t i o n  between t h e  e l a s t i c  
l i thosphere  and t h e  thermal  l i thosphere  (genera l ly  defined by t h e  zone of 
conductive hea t  t ranspor t .  3) is n o t  s t ra igh t forward .  because t h e  depth of 
b r i t t l e  f a i l u r e  depends n o t  o n l y  on t h e  thermal  prof i le .  bu t  a l s o  on rheolo4v and 
s t r a i n  r a t e  (or  t h e  cha rac t e r i s t i c  t i m e  over  which s t r e s s e s  bui ld  towards 
fa i lu re ) .  Charac te r i s t ic  t i m e  considerat ions a r e  n o t  t r i v i a l  i n  t h i s  context  
because s t r e s s e s  genera t ing  b r i t t l e  f a i l u r e  on t h e  i cy  s a t e l l i t e s  mav be 
produced bv impacts. with cha rac t e r i s t i c  t i m e s  of  seconds t o  davs. o r  bv 
"Qeoloqic" processes (e.g., convection, d i f f e r en t i a t i on )  with time sca les  of mil l ions 
t o  hundreds of  mil l ions of years.  In  t h i s  abs t rac t .  t h e  concept of t h e  Maxwell 
t i m e .  tm.  of a v i scoe las t ic  mater ia l  (4.5) is used i n  conjunction with ca lcu la ted  
thermal  p r o f i l e s  t o  eva lua t e  t h e  s ign i f icance  of  t ec ton ic  estimates of  
Zithospheric thickness.  
Maxwell Time Profiles. The de f in i t i on  adopted he re  f o r  t h e  Maxwell t i m e  is 
t m  = 2p/E (51, where p is t h e  l oca l  v i scos i ty  and E is Young's modulus. The 
v iscos i ty  is both temperature and depth dependent: 
p = yo exp(A[(Tm -kpgZ)/T-11) 
where yo is t h e  v i scos i ty  a t  t h e  melting temperature, Tm, a t  zero pressure.  A is 
an  empirical cons tan t  r e l a t ed  t o  t h e  ac t i va t ion  ey'ker8y, p is densi ty ,  g is t h e  
l o c a l  g r av i ty ,  Z is depth, k is a cons tan t  set t o  y ie ld  Tm = 252% a t  a p ressure  
of  2.08 kb ( t h e  pressure  a t  melting where ice  I changes t o  ice 1111, and T is t h e  
l oca l  temperature. The temperature dependence of  Young's modulus, a minor 
e f f ec t ,  is a l s o  included: E=144.7-0.177 T kb  (derived from 6) .  The nominal 
temperature p r o f i l e s  used i n  t h i s  ca l cu l a t i on  a r e  shown i n  f i g u r e  1. They a r e  
ca lcu la ted  assuming t h e  mass and dens i ty  of  Ganymede, chondr i t i c  rad ioac t ive  
abundances. whole-planet, heated-from-within convection. and v iscos i ty  parameters 
p o = I ~ "  and A=25. A Maxwell t i m e  is ca lcu la ted  a t  each depth Z us ing  t h e  
appropr ia te  temperature a long  each temperature p ro f i l e .  
The r e s u l t i n g  Maxwell time p r o f i l e s  a r e  shown i n  f i g u r e  2. S t resses  
bu i ld ing  towards f a i l u r e  over  times s h o r t  compared t o  t h e  Maxwell t i m e  cause t h e  
mater ia l  t o  f a i l  i n  a b r i t t l e  manner, while s t r e s se s  bu i ld ing  over  times l o n e  
compared t o  t h e  Maxwell t i m e  cause t h e  mater ia l  t o  deform viscouslv.  Thus. each 
~ r o f  ile divides  t h e  b r i t t l e  f i e l d  above t h e  curve  from t h e  duc t i l e  f i e l d  below t h e  
curve. Followina t h e  thermal  p r o f i l e s  (temperature is bv f a r  t h e  dominant 
variable).  each curve  exh ib i t s  a similar Maxwell t i m e  dependence: l i t t l e  change in  
t h e  depth of  t h e  b r i t t l e  f i e l d  over  a l a r g e  r ange  of  "geologic" cha rac t e r i s t i c  
times q rad in4  i n t o  a s h a r p  increase i n  b r i t t l e  depth a t  time sca les  of  l e s s  t han  
a vear  o r  so. The gene ra l  increase in  t h e  depth of  t h e  b r i t t l e  f i e l d  with aQe 
represen ts  t h e  thickening of  t h e  l i t hosphe re  a s  t h e  rad ioac t ive  hea t  f l ~ ~ x  
declines. These curves  r e s u l t  from a p a r t i c u l a r  thermal  ca lcu la t ion .  Thermal 
models assumin4 d i f f e r e n t  i npu t  parameters w i l l  y ie ld  s l i g h t l y  d i f f e r e n t  Maxwell 
p rof i les .  Choosing a " s t i f f e r "  v i scos i tg  r e l a t i on ,  f o r  instance, fo r ce s  
temperatures a t  depth t o  r i s e  i n  o rde r  to de l iver  t h e  same hea t  f l u x  a t  a given 
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age  ( forc ing  t h e  s teep  por t ion  of t h e  Maxwell p r o f i l e  to  s h o r t e r  times). bu t  
s i m u l t a n e o u s l ~  th ickens  t h e  b r i t t l e  l a y e r  a t  " ~ e o l o g i c "  t i m e  scale.  Thus. t h e  
r e l a t i v e  i n s e n s i t i v i t y  of  t h e  b r i t t l e  depth f o r  geologic  t i m e  s ca l e s  means t h a t  if 
a set of  s t r u c t u r e s  can be establ ished as having  "geologic" 0 r i g i n ~  and an 
approximate age  derived. then  t h e  i n f e r r e d  l i t hosphe r i c  depth cons t r a in s  t h e  
rheoloQy. 
Tectonic Features  on Ganvmede end Callisto. The s t r u c t u r e s  of  i n t e r e s t  on 
Ca l l i s t o  a r e  t h e  graben-l ike depressions forming a concentr ic  network around t h e  
Valhal la  basin,  a l a r g e  impact s t ruc tu re .  The widths and spacing between t h e  
graben where best developed a re ,  respect ively,  15-20 km and about  70 km (1.7). 
The s t r u c t u r e s  on Ganymede a r e  t h e  graben-l ike fu r rows  with raised edges t h a t  
permeate s e v e r a l  of t h e  l a r g e  blocks of da rk  t e r r a i n .  F i r s t  recognized in  
Voyaqer 2 imagery ($1, t h e  fur rows  gene ra l l y  occur i n  enormous sub-para l le l  
systems i n  which fu r row width and spacing a r e  remarkably regular .  The best  
developed fu r row systems a r e  located i n  Gal i leo Regio and neighboring Marius 
Regio. The planform of each system is broadly a rcua te ,  and both a r e  c rude ly  
cons is ten t  with a s i n g l e  concent r ic  p a t t e r n  (9). This, p lu s  some s imi l a r i t i e s  to 
t h e  graben system around Valhal la  have  led  t o  the ,  common suggest ion t h a t  t hey  
a r e  koth p a r t s  of  a s i n g l e  tec ton ic  system, possibly o f  impact o r i g i n  (1.7.8,9). 
However, t h e  width and spacing of  t h e  fu r rows  i n  Gal i leo  Regio a r e  about  1 0  km 
and 50 km. respect ively,  whereas t hey  a r e  o n l y  about  h a l f  t h a t ,  about  6 km and 
22 km (9) respect ively,  i n  Marius Regio. These cha rac t e r i s t i c s  a r e  cons is ten t  
within each Regio, y e t  t h e  regiones a r e  separated by a s t r ip  of grooved t e r r a i n  
o n l y  about  300 km wide. Less w e l l  developed fur row systems a r e  found i n  o the r  
blocks of d a r k  t e r r a i n  on Ganymede, a s  indicated i n  t a b l e  1. each with 
cha rac t e r i s t i c  widths and, .sepgrat ions e i t h e r  rough ly  equal  t o  o r  equal  t o  about  
h a l f  t h e  dimensions of t h e  fur rows  i n  Gal i leo Regio. Main .  t h e  blocks of 
d i f f e r i n g  fur row dimensions a r e  separated by r e l a t i v e l y  narrow strips of b r i 4 h t  
t e r r a i n .  
In te rpre ta t ion .  For t h e  fur row systems on Ganymede, t h e  rheologv is 
presumablv everywhere uniform t o  f i r s t  order .  Also t h e  c r a t e r  counts  on t h e  
dark  t e r r a i n  a r e  s imilar .  p a r t i c u l a r l y  between Gal i leo  and Marius Reqiones. hence 
t h e  furrow systems a l l  d a t e  t o  t h e  same geologic e r a  - a t  most s eve ra l  hundred 
mill ion vea r s  long.  For a given rheology,  t h e  f a c t o r  of  2 in  1i. thosvheric 
thickness  i n f e r r ed  from t h e  va r i a t i ons  i n  fur row widths implies a comparable 
va r i a t i on  i n  hea t  f l ux .  Variat ions by f a c t o r s  of 2 i n  heat  f 3 r . 1 ~  due to p l ane t a rv  
cool ing a r e  d i f f i c u l t  to achieve over  a period a s  s h o r t  a s  s eve ra l  hundred 
mill ion yea r s  f o r  an  object a s  l a r g e  a s  Ganymede. However. va r i a t i ons  of 2 t o  3 
i n  hea t  f l u x  a r e  commonly obtained i n  convective hea t  t r a n s p o r t  caPculat ions 
between a r e a s  over  upwelling warm mater ia l  and a r e a s  over  down f lowing cold 
mater ia l  (70). In a new scenar io  of  d i f f e r e n t i a t i o n  on Ganymede (11). l i g h t  t e r r a i n  
emplacement occurs  i n  reg ions  over  warm r i s i n g  mantle material .  Thus, t h e  
geometric pa t t e rn  o f  l i g h t  and da rk  t e r r a i n ,  which bears  a resemblance to 
theo re t i ca l  geometrical p a t t e r n s  of r i s i n g  and s ink ing  mater ia l  convecting i n  a 
spher ica l  s h e l l  (121, is in te rpre ted  a s  r e f l e c t i n g  a convection pa t t e rn  with t h e  
cool  s i nk ing  plumes under  t h e  l a r g e  regiones: Galileo, Perrine.  and Nicholson (13). 
By inference,  t h e  t heo re t i ca l  thermal  l i t hosphe re  is 2-3 times t h i cke r  within t h e  
l a r g e  regiones t han  elsewhere. a va r i a t i on  cons is ten t  wifh t h e  observed 
va r i a t i ons  i n  e l a s t i c  l i t hosphe r i c  thicknesses  i n f e r r e d  from fur row widths. Thus, 
t h e  o v e r a l l  l i gh t -da rk  geometry, t h e  emplacement mechanism of  b r i g h t  t e r r a in .  and 
t h e  reg iona l  va r i a t i on  i n  fur row dimensions a r e  a l l  cons is ten t  with t h e i r  
i n t e rp re t a t i on  a s  qeologic  elements r e f l e c t i n g  t h e  g loba l  convective hea t  flow 
pa t t e rn  on Ganvmede between 3 and 4 b i l l i o n  vea r s  ago. 
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Even given t h i s  i n t e rp re t a t i on  of  fu r row or ig in ,  it is no t  suggested t h a t  
t h e  fur rows  a r e  t h e  d i r e c t  r e s u l t  o f  convect ive s t ress .  I f  such were t h e  case, 
fu r row systems unassociated with impacts would be found  on Ca l l i s t o  (where 
convective stresses are o n l y  s l i g h t l y  less), bu t  t hey  a r e  not. Thus t h e  fu r rows  
may be due to a s l i g h t  expansion caused by marginal  d i f f e r e n t i a t i o n  (13). This  
i n t e rp re t a t i on  of  t h e  va r i a t i on  of  fur row dimensions does not,  a s  yet,  e l iminate  
a n  impact o r i g i n  f o r  t h e  fur rows  because: 1) t h e  Maxwell p r o f i l e s  r e s u l t i n g  from 
more r e a l i s t i c  thermal  ca l cu l a t i ons  may d r o p  f a r t h e r  i n t o  t h e  s h o r t  impact time 
sca l e s  ( they may a l s o  g o  higher),  and 2) t h e  type  of  impact induced, sub- 
l i t hosphe r i c  r e s t o r a t i v e  f low envisioned by (14) a s  t h e  cause of t h e  Valhal la  
graben system may pe r s i s t  from months to years,  y ie ld ing  shallower b r i t t l e  
l avers .  The s l i g h t l y  t h i cke r  i n f e r r ed  l i t hosphe re  around Valhal la  compared t o  
t h a t  on Ganymede may be due simply t o  a months-years time sca le  r e s t o r a t i v e  
flow around t h e  Valhal la  basin compared to a much longe r  bu i ld ing  endogenic 
stress source  f o r  fur row3 on Ganvmede (see f i g u r e  21, r a t h e r  t han  d i f fe rences  in  
Qlobal  hea t  f l u x  o r  rheology. Since t h e  l oca l  th ickness  of t h e  b r i t t l e  l a v e r  
depends on t h e  l o c a l  hea t  f l ux .  a s i n g l e  impact-induced r e s t o r a t i v e  flow passing 
through a r e a s  of d i f f e r i n g  hea t  f l u x  may produce extensional  s u r f a c e  f e a t u r e s  of 
d i f  f e r i n g  dimensions. Such a flow could have produced t h e  Galileo-Marj u s  svstem: 
asvmme$ries i n  t h e  Valhal la  system (15) may a l s o  be due  t o  l oca l  va r i a t i ons  i n  
hea t  f l ux .  
The cha rac t e r i s t i c s  of  t h e  Maxwell time p ro f i l e s  and t h e i r  s e n s i t i v i t v  t o  
rheoloey  and ca lcu la ted  thermal  profiles implies t h a t  detai led a n a l v s i s  of  fur row 
dimensions ( in  proe;ress) on Ganymede and r i n g  s t r u c t u r e s  on Ca l l i s t o  can provide 
s i g n i f i c a n t  c o n s t r a i n t s  on model thermal  h i s t o r i e s  (in ProRress) and estimates on 
two-dimensional hea t  flow p a t t e r n s  on p l ane t s  o the r  t han  t h e  Earth.  Thev mav 
a l s o  u l t imate ly  provide t h e  decisive c lues  to whether t h e  enigmatic fur row 
svstems on Ganymede a r e  of  impact or endogenic or ig in .  
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F igure  1. Ganymede Ther- 
m a l  P r o f i l e s .  Ages a r e  i n  
b i l l i o n s  of y e a r s  b e f o r e  
t h e  p re sen t ;  e.g., age=O 
is  p re sen t  time. 
E 
a 
Figure  2. M a x w e l l  Time 
P r o f i l e s .  Each p r o f i l e  
corresponds t o  thermal  
p r o f i l e  i n  f i g u r e  1 of 
t h e  same age. 
MAXWELL TIME, years 
Table 1. Furrow Widths and Spacing 
Area Image FDS# Width (km) Spacing (km) Comments 
Ga l i l eo  Regio - 8-10 30-50 Refs. 1 ,7 ,8  
Marius Regio - - 5 -22 ' Ref. 9 
NE P e r r i n e  Regio 16405.46 7-8 -33 Low r e s o l u t i o n  
NGJ P e r r i n e  Regio 16402.02 7-9 -30 Low r e s o l u t i o n  
E Cen t r a l  Barnard Regio 16405.18 5-6 20-25 
Cen t r a l  Nicholson Regio 16405.02 10-13 40-50 Few furrows 
